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Abstract 


Fhotophysioal  parameters  have  bean  determined  for  ooumarln  laser  dyes 


in  a  variety  of  organio  solvents  and  including  water  and  sized  media.  The 


response  of  fluoresoenoe  omission  yields  and  lifetimes  to  changes  in  sol¬ 


vent  polarity  was  a  sensitive  function  of  substitution  pattern  for  the 


ooumarlns.  Most  important  were  substituent  influences  which  resulted  in 


larger  excited  state  dipole  moments  (for  the  fluorescent  state),  in  res¬ 


trictions  of  rotatory  notion  for  the  amine  group  at  the  7 -position,  and  the 


delooallsatlon  of  excitation  energy  away  from  the  ooumarln  moiety.  For 


dyes  displaying  sharp  reductions  in  emission  yield  and  lifetime  with 


increased  solvent  polarity,  protio  media  and  particularly  water  were  most 


effective  in  inhibiting  fluoresoenoe  although  deuterium  Isotope  effeots 


(B ,0/0,0)  on  photopbysloal  parameters  were  minimal.  Thai  temperature  depen- 


d>no»  of  wisaion  yield  and  lifatiaa  vaa  naaaurad  for  two  solvent  sensitive 
dyes  in  acetonitrile  and  in  a  highly  viscous  solvent,  glycerol .  The 
quenching  of  oouaarln  fluoresoenoe  by  oxygen  for  dyes  with  lifetiaea  >  2  ns 
was  also  observed.  The  dominant  photophyaloal  features  for  oouaarln  dyoa 
are  disoussed  in  teras  of  eaission  froa  an  intraaol ocular  charge-transfer 
(ICT)  excited  state  and  an  laportant  non-radiative  decay  path  involving 
rotation  of  the  Has  functionality  (7-position)  leading  to  a  twisted 
intraaol eoular  CT  state  (TICT).  This  previously  proposed  non-radiative 
decay  path  is  a  subtle  function  of  oouaarln  structure,  solvent  polarity  and 
viscosity,  and  taaperature,  and  is  aost  sensitive  to  substituent  patterns 
which  localise  excitation  at  the  7-aaino  group  and  which  stabilize  charge 
in  the  twisted  swltterlonlo  (TICT)  interaedlate.  The  role  of  excited  state 
bond  orders  involving  the  rotating  group  la  deteraining  the  laportanoe  of 
lnteroonversions  of  the  type,  ICT  4  TICT,  is  disoussed. 


It  has  been  known  for  soae  tine  that  the  yield  of  fluoresoenoe  eala- 
sion  for  7-WBinooouaarina  (e.g.,  1  -  ID,  the  laportant  class  of  laser  dyes 
for  the  "blue-green"  region,  depends  orltloally  on  the  pattern  of  substitu¬ 
tion  about  the  Mina  function.1'*  A  aiailar  trend  ascribed  to  a 
non-radiative  decay  prooess  obaerved  for  structures  displaying  an  unres¬ 
tricted  aaine  aolety  (e.g.,1  and  2,  as  ooapared  to  1  and  D  has  been  also 
found  for  oxailne, *  rhodaalne, *  * 1  and  xanthena  laser  dyes.1  Based  on  aeas- 
ureaents  of  fluoresoenoe  yield  and  lifetiae  for  oowarins  of  varied 
structure  in  solvents  representing  a  wide  range  of  polarity,  a  nodal  of 


PH*  3 

no or radiative  deoay  was  proposed4 »*  which  eaploys  a  planar  highly  emissive 
lntr— oleoulsr  charge  transfer  (ICT)  excited  state  oapable  of  decay  to  a 
oon-fluoresoent  twisted  CT  state  (depicted  siaply  below  in  terms  of  reso¬ 
nance  forms*  ICT  +  HCT) . 

The  modes  of  formation  and  decay  of  highly  polar  exoited  state 
structures  hare  received  nuoh  recent  attention.*  The  proposals  concerning 
the  rather  large  family  of  fascinating  interoo aversions  of  the  type.  ICT  * 
TZCT.  followed  an  early  suggestion  by  Rotkievicz,  et  si.,*  and  have  been 
developed  quite  thoroughly  by  Grabovski,  ot.  si.,1*  Ret tig, 11  and 
Lippart.1*  A  variety  of  structures  displaying  ICT  exoited  state  properties 
have  now  been  investigated,  including  the  legendary 
pHI.R-dimethylsmlnobensonitrile  (SNAB).1*  A  battery  of  theoretical  and 
experimental  probes  of  struoture-reaotivlty, 11 ' 14  including  ps 
time-resolved1*  and  aleotrooptlo  emission  measurements, 14  have  been 
deployed. 

The  ICT-IZCT  rotatory  decay  model  is  remlnisoent  of  a  number  of  impor¬ 
tant  photophysioal  phenomena  whloh  have  been  identified  in  the  last  deoade, 
having  to  do  with  (1)  "free  rotors'*  as  fooal  points  for  non- radiative  demo¬ 
tivation,  14  (2)  the  "sudden  polarisation"  of  exoited  species,1*  and  (3)  the 
effects  of  drastic  bond-order  alteration  on  excitation.1*  The  ramlfloatlona 
of  non-radiative  deoay  for  polar  exoited  states,  and  substituent  and  sol¬ 
vent  effects  thereon  are  quite  brood  and  enoompass  Issues  oonoerning  dye 
laser  operation,**  the  behavior  of  fluorescence  probes,***1  atereomutatlon 
of  "push-pull"  st 11 bene s,  polyenes,  and  rbodopsln,**  the  light  fastness  of 
dyeing  agents,**  the  effectiveness  of  pbotographio  sensitizers, *4  and  the 


A  , 


JmlopwBt  of  molecular  switching  devices  for  optical  data  storage.* * 

la  the  present  paper,  ve  report  aore  fully  on  our  study  of  solvent 
effeots  on  photophysioal  properties  for  the  oouaarins.  In  particular,  we 
note  that  rotatory  no  a- radiative  decay,  although  Important  for  a  masher  of 
dyes  la  the  aost  polar  media,  is  not  pervasive  for  the  series  and  is  in 
fact  mitigated  by  a  number  of  subtle  structural  influences  and  solvent 
effeots  which  have  been  identified.  This  study  is  one  of  a  series  concern¬ 
ing  oouaarln  dyes  which  includes  investigation  of  mechanisms  of 
photochemical  degradation,**  biaoleoular  excited  state  quenching  and  elec¬ 
tron  transfer  reactions, * T  and  behavior  of  dyes  in  amphiphilic  media.** 


Basalts 


Absorption  aaA  Mission  — nn—nti  solvent  tffwta.  Fhotophysioai 


properties  of  selected  dyes  are  shown  in  Table  X,  including  fluorescence 
lifetimes  measured  by  photon  oounting  techniques  as  reported  previously.**7 
The  spectral  data  inolude  the  following  important  features:  (1)  slight  red 
shifts  of  absorption  with  increasing  solvent  polarity  which  correlate7  with 
the  solvent  panmeter,  x*,  a  measure  of  solvent  polarity-polarizability;** 
(2)  aore  draaatlo  reductions  in  emission  frequency,  again  a  smooth  function 


of  a*  and,  the  hydrogen  bonding  panmeter,  a,**  (other  solvent  indexes  have 
boon  correlated**);  (3)  a  general  broadening  of  the  amission  band  in  aore 
polar  and  pro tic  media  (e.g. ,  bandwidths,  fwha,  for  2  of  2.9  and  3.1  kK  for 
oyolohexane  and  water,  respectively)  and  (4)  extinction  coefficients  whioh 
range  for  aost  dyes  between  11,000  and  22,000  R~*  om“‘ 


-1 


with  •xcwptional 


absorption  strength  noted  for  1  and  2  (t  ■  55,000-70,000  IT1  on~x)  (no 
drsmatio  tronda  In  i  as  a  funotlon  of  sol rant  for  either  group). 

Por  the  first  series  of  dyes,  values  of  amission  yield  and  lifetime 
appropriate  for  ancon  purged  samples  were  obtained  (note  details  concerning 
the  prooedures  and  the  importance  of  oxygen  quenching  in  the  Experimental 
Emotion)*  and  the  treads  in  photopbysioal  parameters  as  a  funotlon  of  sol¬ 
vent  are  as  follows.  Coumarins  1  and  2  appear  most  susceptible  to  ohangea 
In  solvent  polarity  in  terms  of  amission  yield  and  lifetime.  Vlth  the 
addition  of  protie  solvents  and  especially  water  these  normally  robust  dyes 
own  be  rendered  weakly  fluorescent.  For  the  homologous  series,  £,  2  and  2* 
a  regular  trend  having  to  do  with  the  nature  of  substituents  at  the 
gecaMtrloally  unrestricted  amino  group  is  developed.  For  dyes  2-2  exhi¬ 
biting  the  amine  function  which  is  incapable  of  substantial  rotation  with 
respect  to  the  ooumarln  aromatic  ring*  yields  and  lifetimes  are  altered 
somewhat  in  more  polar  media  but  the  effeots  are  much  reduced  compered  to 
the  "free  rotor"  dyes  where  as  olose  to  direct  comparisons  can  be  made. 

The  effect  on  emission  properties  of  a  polar  but  viscous  solvent  was 
evaluated.  In  glycerol  a  very  large  pro tic  solvent  red-shift  was  observed* 
but  the  extent  of  exoited  state  stabilisation  (emission  frequencies  near 
that  of  water)  did  not  translate  into  the  sharp  reduction  in  amission  yield 
and  lifetime  found  for  the  less  visoous  aloohol  and  water  media.  Host 
notloeable  was  the  continuation  of  reduction  in  fluorescence  yield  (ethanol 
/water  to  glyoerol)  for  dyes  with  more  rigid  structures  (£  and  2)  compared 
to  the  restoration  of  mission  yield  and  lifetime  for  dyes  with  a  flexible 


substituent  (2  and  2) 


With  som  Indication  of  a  viscosity  dependence  oa  fluorescence  yield, 
comparisons  mrt  aada  of  emission  intensity  for  50: SO  ethanol /methanol 
aolutloos  at  room  temperature  and  la  a  glass  of  tbs  saaa  sol rant  at  77  E. 
The  intensity  ratios  vara  as  follows:  2/1.  0.15  (BT).  0.90  (77  K>;  2  /l. 
0.12  (IT),  1.07  (77  E)  (i.a.,  tha  no a- radiative  decay  mechanism  for  2  which 
is  apparently  unavailable  to  1  aad  2  oan  be  ellainatad  at  77  E  in  a  glassy 
solvent) . 

Follow lag  completion  of  this  Initial  profile  of  solvent  dependenoes, 
other  classes  of  oounarln  structures  were  Inspected.  For  this  series.  1  - 
22,  lifetimes  ware  dataralned  by  a  technique  which  depended  on  the  diffu¬ 
sion  controlled  quenching  of  dye  fluoresoenoe  by  V. l-dlaethylaniline  (see 
taper iaeatal  Section) .  Baission  yield  aad  lifetiae  data  are  reported  for 
air  saturated  samples  (Table  2) .  The  important  result  is  that  the  changes 
so  notioeable  far  the  dyes  (Table  1)  with  unrestricted  dialkylamine  func¬ 
tionality  are  absent  in  these  related  classes  of  dyes  where  either  a 
delooallaing  substituent  is  present  at  position-5  or  where  the  substituent 
pattern  about  the  amine  function  is  altered. 

Using  familiar  relationships  ahown  below,  rate  oonstants  were  calcu¬ 
lated  (Table  5)  for  radiative,  kf,  and  non- radiative,  k^,  decay  for  dyes 
in  which  both  yield  and  lifetiae  values  were  available. 

*f  "  V  *f  knd  "  (1  "  *t)l  Tf 

HHMCifllEft  dependence  fluorescence  yields  lifetimes. 
Fhotophysioal  properties  for  "free  rotor1*  dyes  and  a  rigid  system  were 
evaluated  as  a  function  of  temperature,  with  results  shown  in  Table  4.  For 


2  lifetimes  had  baan  previously  measured*  and  rafce  constants  obtained 
dlreotly.  iasimlng  a  oommon  value  of  1.5  x  10*  a-1  for  kf.  siailar  data 
could  be  generated  for  2.  Plots  of  In  kd  vs  1/T  were  linear  (r  -  0.99)  and 
yielded  for  X  U®  glycerol)  Arrhenius  parameters,  A  -  6  x  10 11  a-1  and  Ea  - 
4.9  ksal/nol  and  for  2  (1®  acetonitrile),  A  -  1  x  10**  a-1  and  Ea  ■  2.4 
koal/aol. 

JttXtd  —die.  The  effeot  of  added  water  ggd  in  pH.  In  view  of 
the  intimations  of  a  specific  interaction  of  the  fluorescent  eouaarin  state 
with  solvent  (  particularly  the  Importance  of  hydrogen  bonding),  a  aeries 
of  experiments  employing  nixed  media  was  carried  out.  An  effort  to  discov¬ 
er  anomalous  or  dual  emission  associated  either  with  specifically  or 
differentially  solvated  excited  species  or  in  foot  a  second  emission  to  be 
associated  with  a  TXCT  excited  apeoies  has  already  been  reported.*  (Gener¬ 
ally,  an  excellent  fit  of  single  exponential  decay  curves  to  experimental 
data  over  1-3  deoades  of  photon  counting  was  observed  and  lifetime  measure- 
meats  utilising  light  filters  at  the  "blue  edge*  vs  "red  edge"  of  emission 
suggested  a  single  fluoresolng  apeoies  within  rather  strlot  limits  of 
detection.*) 

Addition  of  water  to  organic  solvents  was  of  special  interest.  Por 
ooumarln  2  ®  general  further  broadening  of  the  fluoresoence  band  with  no 
fundamental  ohange  in  band  shape  (kf  -  509  -  534  am)  and  a  regular  reduc¬ 
tion  in  fluoresoence  yield  (0f  ■  0.090  -  0.023)  were  observed  on  changing 
the  composition  (0  -  90%,  10%  lnorenents)  of  water-ethanol  solvent  mix¬ 
tures.  Somewhat  more  dramatlo  was  the  addition  of  water  to  aoetonitrile 
solutions  of  1  and  2  resulting  again  in  a  regular  red  shift  of  absorption 


and  changes  in  Mission  properties  (Table  5) .  Shown  also  is  the  result  of 
addition  of  Ds0  in  parallel  experiments  with  2  and  2* 

Sinoe  acid-base  reactions  hare  been  identified  with  some  coumarins 
(the  7-  hydroxyooumarlns  -  the  uabelliferone  aeries’4  -  but  also  including 
mm  aminocoumarlna1 '  * ' ) ,  changes  in  pH  within  a  moderate  range  were  inves¬ 
tigated.  For  2  which  fluoresces  rather  well  in  water  (at  its  solubility 
limit  of  oa.  0.001  aM,  Table  1),  changes  in  absorption  or  emission 
or  in  emission  yield  for  aqueous  solutions  at  pH  4.0.  7.0.  and  10.0  were 
not  detected. 

Flash  atotaiwi.  Triolet  counting.  To  investigate  the 

role  of  intersystem  crossing  in  non-radlative  deactivation,  several  dyes 
were  subjected  to  flash  irradiation  using  conventional  equipment  (xenon 
flash  lamp,  flash  duration,  35  pa  FVHM) .  Weak  transient  signals  were 
observed  for  2  In  argon-purged  acetonitrile,  85%  acetonitrile  /water  or 
oyolohexana  with  an  absorption  profile  (!_,,  -  (00-625  om)  similar  to  spec¬ 
tra  which  have  been  reported  for  1  in  ethanol* *  or  in  mixed  SPA  solvent.” 
The  decay  of  transients  from  2  was  found  to  be  first-order  and  consistent 
with  a  triplet  lifetime  of  120  -  180  pa  in  acetonitrile.  A  similar  weak 
transient  signal  whloh  decayed  in  the  millisecond  time  scale  was  also 
observed  for  1  in  ace tonitrlle.  On  the  other  hand,  transient  absorption 
could  not  be  detected  for  2  or  4  under  almi1  ar  conditions  where  purging  of 
oxygen  from  the  flash  oell  was  extensive. 

Attempts  were  made  to  measure  intersystem  crossing  yields  using  the 
triplet  oounting  teohnlque.”  Qlc  analysis  was  performed  on  ooumarin  dye 
solutions  ooataining  1,3-oyciohexadlena,  a  relatively  low  energy  triplet 


oountar  whioh  is  known  to  undergo  dimerization  in  the  presence  of  a  triplet 
sensitizer.1 *  The  oouaarlns  with  diene  were  irradiated  in  parallel  with 
benaophenone  solutions  also  containing  triplet  counter.  The  results  for 
two  solvents  are  shown  in  Table  6.  The  apparent  failure  of  two  dyes  to 
produoe  triplets  in  a  polar  eedlus  and  only  aodestly  in  cyclohexane  is  not 
readily  asoribed  to  an  energy  deficiency  on  the  part  of  the  couaarin  tri¬ 
plets.  Although  their  triplet  energies  are  not  precisely  known 
(phosphorescence  is  not  detected  in  low  tewperature  glasses),  indications 
of  triplet  location  (ca.  50-55  koal/mol)  are  found  in  the  energy  transfer 
data  for  the  "katoaoumarina"  having  similar  structures  but  for  which  inter- 
system  crossing  effloienoles  are  generally  high.4*  At  least  moderate 
efficiency  in  thermoneutral  or  slightly  endothermic  energy  transfer  to 
ayolohexadiene  (1^,  est.  »  S3  koal/mol**)  at  high  concentrations  of 
quencher  is  expected. 

Somewhat  different  behavior  was  observed  for  1  dissolved  in  pure 
water.  Hash  irradiation  of  an  aqueous  saturated  solution  (ca.  0.01  sM) 
resulted  in  another  weak  transient  now  extending  through  much  of  the  visi¬ 
ble  with  a  broad  maximum  whioh  appeared  to  be  shifted  to  ca.  700  am.  This 
observation,  consistent  with  formation  of  the  solvated  electron41  via  pho¬ 
toejection  from  excited  couaarin  from  either  its  singlet  or  triplet 
state,4*  was  not  repeated  on  similar  flash  photolysis  of  2  in  water. 


Discussion 


The  alteration  of  the  photophysica  of  coumarin44  by  aubatltutlon  of  an 
amine  group  In  the  7-position  la  readily  understood  in  terns  of  replacenent 
of  the  conventional  low-lying  n,  n*  and  a,  ir*  states  with  an  intramolecular 
oharge- transfer  exoited  state  (ICT)  which  involves  promotion  of  an  electron 
from  an  orbital  which  is  significantly  weighted  at  the  amine  moiety  (in 
Kasha's  terminology,  an  lft  — transition44).  The  enhancement  of  flu¬ 
oresce  noe  at  the  expense  of  intersystem  crossing  with  this  substitution, 
and  the  additional  effects  of  solvent  are  reminiscent  of  the  trends 
observed  for  other  ooumarins  substituted  with  donor  groups  including  the 
f urooouaarlns, 4 4  and  4,4'-N,N-*dimethylaminobenzophenone  (Michler's 
ketone).44 

The  principal  interest  here  in  the  amino ooumarins  involves  the  precise 
identification  of  combinations  of  substituent  pattern  and  solvent  which 
oonspire  to  inhibit  luminescence.  The  main  structural  features  are  (1)  the 
previously  noted1, ’ 4  simulation  at  the  amine  moiety  which  results  in  inhi¬ 
bited  rotation  (l.e. ,  the  undiminished  fluorescence  of  2,  ±,  and  2,  vs. 
the  oomparable  2  and  2);  (2)  the  role  of  an  electron  withdrawing  group  at 
position-4  which  results  in  the  most  dramatic  response  to  changes  in  sol¬ 
vent  polarity  for  dyes  displaying  the  unencumbered  amine  function  (2  vs  2); 
(3)  for  the  "free  rotor"  dyes,  a  dependence  on  nitrogen  substituents  (for 
MR,,  non-radlatlve  deoay  rates  follow  the  trend,  R  “  ethyl  >  S  ■  methyl  >  R 
*  hydrogen);  (4)  a  diminished  tendency  toward  non-radlative  deoay  for  HH^- 
(D  and  RBR-subsituted  dyes  with  additional  ortho  ring  substituents  (i.e., 
22  and  21)  *  *&d  (S)  a  similar  sustained  fluorescence  in  polar  solvents  for 
otherwise  susoeptlble  dye  structures  displaying  a  delocalising  substituent 
at  posltlon-3  ( be ns th las ole,  2,  or  bens imidas ole,  2,  groups). 


Where  fluorescence  yield  and  lifetime  are  both  available,  the  solvent 
effeot  can  be  resolved  in  terms  of  influences  on  radiative  and  non-  radia¬ 
tive  decay  constants  (Table  3).  Although  a  regular  change  in  the 
fluorescence  rate  constant  (ca.  two-fold  reduction  in  in  the  most  polar 
solvents)  accounts  for  part  of  the  alteration  in  fluorescence  yield,4'  the 
stronger  influence  involves  k^,  the  non-  radiative  decay  parameter  which  is 
increased  by  as  much  as  two  orders  of  magnitude  in  polar  media. 

The  observed  solvent  influences  might  have  been  related  to  several 
established  phenomena  contributing  to  non-radiative  deactivation.  Addition 
of  polar  solvents  (especially  hydrogen-bonding  solvents)  might  lead  to  dis¬ 
crete,  stoichiometric  excited  complexes  which  display  low  emission 
yields.49  However,  discontinuous  spectral  shifts  and  sizeable  solvent  iso¬ 
tope  effects  have  been  frequently  observed  for  solvent  exclplexes,'*  in 
contrast  to  our  findings.  The  results  also  argue  against  a  major  role  for 
electron  photoejeotion  from  exoited  coumarln  singlets,  despite  the  fact 
that  the  solvated  electron  may  be  a  product  of  irradiation  of  2  in  water 
(vide  supra).49  The  oxidation  potentials  measured  for  1,  2»  and  2  (E1^s  - 
1.09,  1.20,  and  0.72  7  vs  SCE,  acetonitrile17)  should  reveal  a  tendency  for 
dye  photoionisation,  but  the  trend  is  apparently  ignored  since  the  lifetime 
of  2  Is  most  influenced  by  polar  solvent  and  fluorescence  remains  robust 
for  2  in  water.49 

Solvent  effeots  on  the  yield  of  intersystea  crossing  for  related 
structures  are  known.49  However,  for  the  present  series  an  inorease  in  tri¬ 
plet  yield  whioh  would  be  associated  with  enhanced  non-radiative  decay  in 
more  polar  media  oould  not  be  confirmed  by  flash  detection  of  triplets  or 
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conventional  triplet  counting.  Likewise,  neither  singlet  self  quenching, 
which  leads  to  measureable  reduction  in  fluorescenoe  yield  only  at  very 
high  concentrations  of  dye  (e.g. ,  0.01  M),  nor  singlet  photochemistry  which 
regains  inefficient  -  <  10“3  )  in  polar  solvents,  “  can  account  for  the 
trends  in  non-radiatlve  decay.  Acid-base  reaction  which  could  be  important 
in  protio  media  appears  excluded  due  to  the  absence  of  a  pH  dependence  of 
fluorescence  over  a  significant  range.  The  latter  has  been  confirmed  in  a 
recent  study  of  2  which  revealed  proton  transfer  only  in  rather  acidic 
media  (pH  <  2.0).'* 


For  the  cases  in  which  non-radlative  decay  is  most  robust  (1  and  2) , 
the  previously  proposed*'19  ICT-TICT  deactivation  remains  most  attractive. 
The  importance  of  this  decay  path  is  expected  for  polar  media  where  charges 
in  the  fully  developed  zwitterlon  can  be  stabilized.  The  additional  struc¬ 
tural  dues  indude  the  absence  of  the  torsional  decay  route  for  rigid 
structures,  2-2,  the  substituent  influence  on  developing  positive  (depen¬ 
dence  on  HR2  for  2,  2,  and  2)  and  negative  (substitution  in  the  lactone 
ring,  2  vs  2)  charge.*1  The  restoration  of  fluorescence  for  2  and  2  in 
polar  glasses  is  also  consistent  with  the  elimination  of  a  rotatory  decay 


mode. 


1 


The  role  of  solvent  motion  in  assisting  non-radlative  decay  of  excited 
states  via  a  rotatory  path  or  invdvlng  the  evolution  of  polar  (CT)  excited 
spedes  has  reoeived  much  recent  attention.  The  exertion  of  a  hydrodynamic 
drag  or  friction  by  advent  against  a  rotatory  decay  mode  has  been  proposed 
as  the  primary  influence  on  knd  in  a  number  of  oases  in  which  correlations 
of  kQd  with  bulk  solvent  visoosity  could  be  made.40'11'*1  The  necessity  of 
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solvent  notion  to  stabilize  charge  through  dielectric  relaxation  has  also 
been  considered  a  feature  controlling  the  rate  of  non-radiative  decay." 

In  the  cases  of  1  and  2  and  their  relatives,  several  observations  sug¬ 
gest  that  these  influences  taken  alone  do  not  provide  an  adequate  model  for 
the  observed  solvent  effects.  Although  viscosity  can  control  decay  of  the 
counarlns  in  certain  instances  (inhibition  in  glassy  matrices) ,  further 
correlation  is  not  found  in  the  temperature  dependence  data.  Thus,  the 
barrier  to  decay  for  2  in  acetonitrile  is  2.S  keal/mol,  compared  to  the 
activation  energy  of  viscocity  for  acetonitrile  of  1.8  keal/mol  (from  a 
plot  of  In  (1/jy)  vs  1/T).  On  the  other  hand,  the  temperature  dependence  of 
k^  for  2  in  glycerol  provides  Ea  ■  4.9  keal/mol,  a  value  far  less  than  the 
Ey value  for  glycerol  (16.2  keal/mol) .  Additionally,  the  decay  rates  for  2* 
£,  and  2  show  an  inverse  dependence  on  the  size  of  the  amine  rotor  (faster 
decay  for  the  larger  rotor).  In  terms  of  solvent  orientation  polarization, 
values  for  dielectric  relaxation  times  are  considerably  shorter  (generally 
less  than  0.3  ns  for  electronic  polarization  of  low  viscosity  solvents  at 
room  temperature **)  oompared  to  the  observed  non-radiative  decay  times 
(l/knd  -  >  0.3  ns)  for  the  coumarlns. 

Ve  prefer  a  mechanism  in  which  viscosity  is  a  contributor  to  the  bar¬ 
rier  for  rotatory  decay  of  the  type,  ICT  -  TICT  ,  but  is  not  the  dominant 
feature.  We  note  particularly  the  rough  correlation  of  the  Stokes'  shift 
of  fluoresoenoe  (uft  -  pf)  with  the  non-radiative  deoay  rate.  Thus,  for  2» 
2,  and  £(£),  values  for  the  shift  in  polar  solvents  range  around  3.0,  4.0, 
and  2.0-3 .3  kg,  respectively.  This  trend  parallels  a  reduction  in  rate  of 
nonr radiative  deoay  for  dyes  with  uninhibited  rotors  in  solvents  of  similar 
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polarity  and  viscosity  (cos pare,  for  example,  data  in  Tables  1-3  for  50% 
ethanol  solvent).  Ve  conclude  that  an  important  solvent  influenoe  for  the 
eouaarins  oenters  around  a  narrowing  of  the  energy  gap  between  the  emissive 
(planar  ICT)  excited  state  and  the  ground  state. 

Application  of  the  energy  gap  law  to  rationalize  trends  for  radiation¬ 
less  transitions  is  well  documented  including  recent  examples  involving 
organlo  fluorescent  dyes14  and  transition  metal  complexes*4.  Indeed,  the 
effect  of  solvent  on  k^  for  the  coumarins  which  are  restricted  from 
rotatory  decay  appears  to  involve  a  modest  "gap  law"  influence  (note  data 
for  Table  3) .  Por  ICT-TICT  rotatory  decay,  on  the  other  hand,  special 
features  may  be  in  force  as  illustrated  using  the  Figure.  The  figure  of 
merit  is  not  the  absolute  value  of  the  energy  gap  between  SQ  and  (£,  1, 
and  £  have  similar  excitation  energies,  8^),  but  the  extent  to  which  sol¬ 
vent  is  oalled  upon  to  stabilize  an  excited  state  dipole  moment.  Again 
comparing  free  rotor  dyes,  we  note  substantial  differences  in  the  nature  of 
the  electronic  transition  producing  the  emissive  state  (  larger  Stokes' 
shift  but  much  smaller  extinction  coefficients  for  X  and  2  compared  to  £ 
and  £) .  The  greater  CT  character  for  X  and  £  la  associated  with  substan¬ 
tial  alteration  of  electron  densities  and  bond  orders1*  with  localization 
of  excitation  at  various  sites  within  the  dye  structure.  Por  dyes  exhibit¬ 
ing  fast  deoay  (especially  1) ,  localization  at  the  amine  function  activates 
a  rotor  which  insures  that  excited  molecules  travel  to  a  favorable  geometry 
for  non- radiative  deoay  to  the  ground  state. 

The  consequences  on  reaotivlty  (in  general,  radiationless  deoay)  of 
the  distribution  of  electronic  excitation  energy  in  organic  aoleoulea  has 


been  bo st  extensively  discussed  by  Zimmerman.**  One  protocol  involves  the 

estimation  of  changes  in  bond  order  following  excitation  (the  construction 
« 

of  a  *&F  matrix"  from  MO  coefficients),  and  the  inspection  of  pathways 
which  tend  to  reverse  these  bond  order  alterations  (molecular  distortions 
which  reduoe  looal  excitations  and  convert  electronic  energy  into  vibra¬ 
tional  energy).**  In  the  present  case,  inspection  of  MO' a  available  from 
calculations  involving  ICT  systems  l,,IT  shows  that  an  increase  in  N-C 
(7-position)  bond  order  results  from  excitation  (the  allowed  transition 
according  to  PPP-SCF-CI  calculation1*).  It  appears  that  excitation  ini¬ 
tially  creates  a  barrier  for  rotational  deaotivation.  However,  this 
rotatory  path  is  facilitated  by  charge-stabilising  substituent  groups,  by 
polar  solvent,  and  by  a  restoration  of  some  of  the  delooallxation  energy 
lost  in  developing  a  quinonold  structure  (ICT)  (the  disappearance  of  looal 
excitations  involving  enlarged  H-C?  and  C^-Cj  bond  orders  on  rotation  to 
TICT).  i  diminution  in  the  energy  gap  between  ground  and  excited  states  is 
required  during  rotation,  since  the  H-C  pi  bond  order  is  initially  enhanced 
at  the  ICT  geometry  but  reduced  to  zero  (&P  -  0  with  the  ideal  90*  twist) 
for  the  TICT  structure.  This  rationale  provides  insight  to  the  empirical 
"minimum  overlap  rule"1*^  which  predicts  the  likelihood  of  lntrwoleoular 
charge  transfer  between  donor  and  acceptor  moieties  (and  ICT- TICT  behavior) 
for  systems  whioh  have  fixed  twisted  geometries  or  are  oapable  of  rotation. 

The  substituent  and  solvent  effects  noted  here  are  therefore  inter¬ 
preted  in  terms  of  charge  stabilising  influences  whioh  tend  to  diminish  the 
barrier  for  torsional  motion  whioh  is  the  most  favorable  distortion  for 
bringing  ground  and  exoited  surfaoes  into  proximity.**  The  Stokes  shift  of 
fluoresoenoe  is  an  indicator  of  stabilisation  of  partial  charge  in  ICT  but. 
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moreover,  a  signature  of  the  substituent  and  solvent  influences  on  the 
fully  charge  separated  TICT  intermediate  and  the  transition  state  leading 
to  it  (Figure).  The  deoldedly  different  character  of  the  transition  for 
unconstrained  but  not  freely  rotating  dyes  (£  and  2)  (smaller  Stokes  shift, 
vide  supra)  signals  the  abaenoe  of  local  excitation  which  is  favorable  to 
rotatory  deoay  (i.e..  the  ICT  structure  is  no  longer  appropriate  and  anlne 
group  rotation,  albeit  permitted,  does  not  lead  to  excited  state  bond  order 
alteration  and  energy  surface  proximity*’). 

In  svamary,  the  mechanism  of  radiationless  deoay  proposed  for  coumarin 
laser  dyes.**’  is  restricted  to  those  structures  displaying  an  amine  moiety 
(7-posltlon)  which  is  free  to  rotate  and  is  alkylated  for  stabilisation  of 
incipient  charge  in  a  TICT  intermediate  (1  and  2  but  not  £,  2.  12.  and 
11**).  ICT-TICT  rotational  deactivation  is  also  inhibited  (1  and  2)  when 
the  low  energy  transition  does  not  Involve  an  intr Molecular  transfer  of 
charge  (from  the  amine  function)**  which  is  indicated  by  a  large  and  sol¬ 
vent  sensitive  Stokes  shift  of  fluorescence.  Very  polar  solvents  are 
required  for  robust  rotatory  deoay  with  protio  media  (especially  water) 
playing  a  special  role,  presumeably  due  to  favorable  interaction  with  TICT 
as  reoently  reported**  for  the  DUB  system 

Extension  of  the  present  disoussion  to  include  other  types  of  fluores¬ 
cent  dyes  and  to  the  operation  of  dyes  under  lasing  conditions  is  indicated 
in  several  reports.  Drexhage  originally  documented  effects  of  rotatory 
demotivation  for  rhodamine  dyes*  and  Snare,  et.  al.,  have  discussed  the 
solvent  effeots  on  rbodanlne  B  fluoresoenoe  in  terms  of  both  an  energy  gap 
dependence  and  rotatory  deoay.*' 


In  addition,  use  of  protio  solvents 


appears  to  boost  tbs  gain  of  dye  lasers*4  (largo  Stokaa  shift,  but  vhoro 
rotatory  deoay  ia  not  enhanced) ,  and  a  teaperature  dependence  of  deaotiva- 
tion  oan  be  exploited  to  iaprove  peak  lasing  power  aa  recently  demonstrated 
for  1  and  other  "free  rotor*  dyes.** 

Experimental  Section 


Me ter l*l a.  Coumarin  i  waa  prepared  and  purified  according  to  a  pub¬ 
lished  procedure.**  Coumarin  1  waa  a  gift  from  Dr.  B.  L.  Atkina.* T  The 
other  ooumarina,  1  -  H,  were  commercially  available  laser  grade  materials 
obtained  from  Eastman  Kodak  Co.  or  Kxoiton  Chemical  Co.  and  were  used  in 
moat  oaaaa  as  reoelved  following  tie  analysis  for  impurities  (silica,  ethyl 
aoetate  /  hexane).  Speotroquallty  organic  solvents  (MCB  glass  distilled) 
were  used  along  with  reagent  grade  glycerol  and  triply  distilled  water. 
Deuterium  oxide  (99.1%  D)  (MSD  Isotopes)  was  used  as  received.  Quinine 
sulfate  dihydrate  (Aldrich)  was  purified  by  reorystallisatlon  from  water. 
1 ,3-Cyolohexadlene  (Aldrich)  was  distilled  at  atmospheric  pressure  Immedi¬ 
ately  before  use.  Bensophenone  was  reorystallized  three  times  from 
petroleum  ether.  I, M-Dlmethylanll lne  (Aldrich)  was  treated  with  lithium 
aluminum  hydride  and  freshly  distilled  at  reduoed  pressure  (20  am)  prior  to 
use. 

riiiot»**a*Bo*  gmatlM  yields.  Emission  spectra  were  recorded  on  a  Per- 
kln- timer  MPP-44A  fluoresoenoe  spectrophotometer  equipped  with  a 
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differential  spectrum  correction  unit.  Spectra  were  recorded  at  room  tem¬ 
perature  for  air- saturated  samples,  and  Integrated  Intensities  were 
obtained  by  cut-out- and-veigh .  Relative  integrated  intensities  were  com¬ 
pared  vs.  the  fluorescence  standard,  quinine  sulfate,  whose  quantum 
efficiency  was  assumed  to  be  0.S5  (1.0  N  HjSO^).*'  Fluorescence  quantum 
yields  were  calculated  using  a  quadratic  correction  for  refractive  index  of 
the  solvent  and  a  correction  for  per  oent  light  absorbed  by  the  samples. 
For  these  measurements  dilute  samples  (oa.  10"*  M,  0.  D.  <  0.2) 
were  employed  with  excitation  at  or  near  the  absorption  maximum  determined 
using  a  Perkin- Elmer  Model  S52  spectrophotometer .  To  correct  for  oxygen 
quenching  of  fluorescence, *****  samples  were  purged  with  argon  until  no 
further  increase  in  fluorescence  intensity  oould  be  observed.  The  ratio  of 
maximum  intensities  for  purged  vs  undegas aed  samples  (Table  7)  was  used  to 
calculate  fluorescence  yields  for  air-free  solutions  (Table  1).  Notably, 
rate  constants  calculated  for  oxygen  quenching  approximated  the  diffusion 
limited  values  (Table  7) . 

Fluorescence  speotra  at  low  temperatures  were  obtained  using  the  flu- 
orlmeter  oryostat  accessory  with  the  insertion  of  a  4  am  quarts  sample  tube 
(undegassed  80:50  ethanol-methanol  solvent)  into  the  specially  equipped  tip 
of  a  Dewar  flask  filled  with  liquid  nitrogen.  The  solvent  mixture  used 
provided  a  dear,  uniform  glass  at  low  temperature.  The  variable  tempera¬ 
ture  fluoresoenoe  measurements  were  carried  out  using  the  thermostatted 
fluorine ter  sample  holder  and  an  external  water  olroulator.  Corrected  flu¬ 
oresoenoe  Intensities  were  recorded  as  rdative  quantum  yields  as  a 
function  of  temperature  and  converted  to  absdute  fluoresoenoe  efficiencies 
(Table  4)  based  on  the  values  obtained  at  20-21*  C  vs  quinine  sulfate. 


ElMMUflMBt  Emission  lifetimes  for  argon  pur  gad  samples 
of  1.  2,  1.  and  1  were  available  from  alngla  photon  oounting  aaaauraaanta 
an  danorlbad  previously.*'*  Llfatlnaa  for  1  -  H  vara  dataralnad  using  a 
fluoraaoanoa  quanohlng  taohnlqua.  >. K-dimethylanlllne  (DMA)  was  usad  to 
quanoh  mission  froa  all  ths  dyes  in  air  aaturatad  solutions.  Using  tha 
Starn-Tolaar  ralation.  IQ/Z  -  1  +  kqt[QJ  and  tha  known  lifatiaas  for  1,  2, 
1»  and  2  oorraotad  for  oxygon  quanoh ing  (Table  7) ,  avaraga  raluas  for  kq 
wars  dataralnad:  1.0  ±  0.3  x  10M  and  0.77  ±  0.4  x  10**  M_1  s"x,  respec¬ 
tively,  for  acetonitrile  and  50%  ethanol-water .  Tha  narrow  range  of  rata 
constants  for  quenching  by  DMA  allowed  use  of  these  avaraga  values  for  kq 
for  1  -  12.  assuming  a  consistent  diffusion  Halted  rata.  Tha  Starn-Volaar 
constants  for  the  series  ware  kqV  -  31.5.  27.7.  35.1.  and  76.7.  respective- 
ly»  and  the  calculated  lifatiaas  are  given  in  Tabla  2. 

Triolet  aountiM.  Quantum  yields  of  intersystaa  crossing  ware 
estimated  using  the  triplet  oounting  technique."  The  reference  system  was 
the  diaarisatlon  of  1 . 3-oyol oh exa diene  using  bensophenone  as  triplet  sansl- 
tixar."  Diane  dinars  were  obtained  by  preparative  photolysis  and 
Identified  by  ar  analysis  as  previously  reported.**  Semples  of  0.01  H  ben¬ 
sophenone  or  oouaarln  dye  with  0.1  M  cy cl oh exa diene  were  placed  in  is  x  150 
an  Fyrex  tubes  and  after  purging  by  argon  for  15  min  ware  irradiated  in 
parallel  using  apparatus  and  procedures  previously  described. T*  The 
merry-go-round  assenbly  was  placed  in  a  filter  solution  oontaining  50  g/1 
MiSOj  and  0.2  g/1  2 , 7-dlnethyl-3 , 6-dlaxaoyclohepta-2 , 6-dlene  perchlorate 
which  provided  a  bandpass  of  340-370  nn  for  the  Ray one t  ohanber  reactor 
3500A  lamps.  Cyolohaxadlana  diners  were  analysed  on  a  Tarlan  Model  3700 
gas  ohronatograph  equipped  with  an  BP  3380A  integrator  and  a  50  ft  x  0.25 
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■i  VCOT  column  (0T-17  liquid  phase)  operated  at  120  using  pentadecane  as  an 
Internal  standard.  The  quenching  of  oounarin  singlets  (fluorescenoe)  by 
ayolohexadlene  (0.1  N)  was  not  observed. 

Flash  photolysis.  Plash  photolysis  apparatus  which  consisted  of  a  Ze 
flash  lamp  with  oa.  35  ns  duration  (fwha)  has  been  described  previously.71 
Argon-purged  solutions  of  10“*  M  dye  and  a  22  on  Pyrex  cell  were  employed. 
Photographs  of  oscilloscope  traces  were  obtained  to  record  %  transmission 
values  which  were  converted  to  transient  absorbance.  For  comparison  of  the 
relative  yield  of  transients,  absorbanoe  values  were  recorded  at  their  max¬ 
imal  at  the  shortest  practical  tines  following  lamp  discharge  (usually  100 
Its  following  flash). 
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Table  1.  Absorption  and  eaission  Bazina  and  fluorescence  quantum  yields 
and  lifetimes  for  selected  conmarin  dyes*. 


Solvent 


ojrsloktuM 
aoatoaitrila 
•thuol 
SOI  ttkuol 

Mttoaitrll* 
SOI  tthuol 

aoatoaitrila 
50%  atkaaol 

aoatoaitrila 
50%  «tkual 

aoatoaitrila 
50%  atkaaol 

aoatoaitrila 


50%  atkaaol 


P*««  31 


Tabla  4.  Tnpnitnri  d*p«ad*aet  of  pkot^bjriieil  paraittfi  for  1  and  £*. 


T(°C) 

•f 

Tf(na) 

kf 

knd 

lb 

20 

0.56 

3.8 

1.5 

1.2 

40 

0.41 

3.1 

1.3 

1.9 

40 

0.33 

2.1 

1.5 

3.1 

80 

0.23 

1.5 

1.5 

5.0 

1° 

4 

0.12 

12. 

21 

0.090 

17. 

33 

0.073 

21. 

48 

0.0(5 

23. 

58 

0.057 

16. 

*latt  constants  in  10s  s”1 
“Glycerol  solvent 

°Acctonltrils  solvent;  kd  values  calculated  assuming  k{  *  1.5  z  10*  a 


PM*  32 


Tabl*  5.  Iatorsystaa  orossing  qunta  yield*  for  couaarin  dye* 


PM*  33 


Tab la  6. 

Coaaaria  flaora 

seaaei 

propartias  ia  acatonitrila/vater* 

[vatar] »M 

Xf(a m) 

1 

1 

1 

HjO 

VI  t 

0,0  H,0 

0,0 

1.0 

433 

433 

1.13 

1.11 

1.04 

1.06 

3.0 

441 

439 

1.40 

1.41 

1.09 

1.16 

S.O 

443 

463 

1.80 

1.69 

1.13 

1.16 

7.0 

447 

466 

2.10 

2.00 

1.14 

1.16 

9.0 

447 

470 

2.42 

2.20 

1.17 

1.17 

11.0 

448 

470 

2.65 

2.57 

1.22 

1.21 

Table  7 .  Quenching  of  couaaria  dye  f laorascaaca  by  oxygen 


Sol  rent 

Io/I1 

kq,  io ««-Vlb 

L 

aeetoaitrile 

1.21 

2.5 

ethanol 

1.07 

1.1 

1 

aeetoaitrile 

-  1.00 

ethanol 

~  1.00 

1 

ethanol 

1.22 

2.4 

1 

cyclohexane 

1.23 

1.8 

acetonitrile 

1.22 

1.5 

ethanol 

1.0< 

0.79 

•Ratio  of 

■axiuua  fluorescence 

intensities  for 

argon  purged  (1°)  and  for 

air  saturated  (I)  solutions. 

"Calculated  frou  I°/I  ■  1  +  t  ralues  fro*  Table  1  and  [0#]  taken 

fro*  tabulated  data  (ref.  737. 
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1,  r  =  ch3 

2,  R  =  CF 

— *  3 


3,  R=CH 

4,  R  =  CF3 


I 

cf3 

6  R=H 


5 


90° 


le  of  rotation 


surfaces  for  rotation  at  the  amine  function, 
adon  transition  (FC) ,  relaxation  involving 
tion,  and  evolution  of  the  planar  emissive 
Ce  (ICT,  12)  to  the  twisted  conformation  (TI 
ships  for  the  respective  FC  transitions,  the 
station  and  the  extent  of  stabilization  of  I 
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